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Abstract
Growth orientated policy schemes as well as future energy policy must be, to a large extent, concerned with transportation fuel
issues. In particular, sustainable growth rates require, among other things, a substantial substitution process, in which biofuels,
hydrogen, or environmentally friendly generated electricity substitute for fossil fuels continuously. In this paper we model this
substitution process by incorporating both, a non-renewable resource and a renewable resource, which can both serve for producing
transport fuels, into a conventional Romer-type endogenous growth model. Moreover, as a prominent feature of the modeling we
also capture the fact that biofuels production may compete with food production for arable land. The main results of the paper, the
Keynes-Ramsey rule, the modiﬁed Hotelling rules for the renewable and non-renewable resource, and the fuel versus food trade-off
are discussed in some detail. Numerical simulations of the model are illustrating the main results.
© 2013 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Organising Committee
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1. Introduction
There is a serious international concern about the curbing of green house gases emissions and their impact on
climate change. Current growth rates in virtually all countries may not be sustainable with fossil fuels, because fossil
fuels contribute a substantially larger share to pollution and global warming (for details see e.g. Pahl, pp. 56-60 [1]).
No more than ten years ago, in the European Union (EU) about 99 percent of the transport sector’s energy demand
was covered by petroleum oil products and this demand pattern represented 67 percent of ﬁnal oil demand [2]. Yet,
limited stocks of non-renewable fossil fuels as well as temporarily limited production and distribution capacities,
coupled with increasing fuel demand, are bound to lead to sharp increases in fossil fuel prices and to more price
volatility in the near future. In a globalized economy such price developments and the associated adjustment processes
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may not only have a severe drawback to economic growth, but the burning of fossil fuels also challenges global
environmental sustainability.
On a worldwide scale, new policies are called for to encourage low carbon energy sources. This is particularly
true for the transport sector, where there has been virtually no substitution for fossil petroleum based fuels since the
early 20th century, when the emerging automobile industry had decided against the widespread use of ethanol biofuels
[3]. In this respect the use of biofuels in the transportation sector represent a feasible alternative. In any case, in the
foreseeable future, sustainable growth rates necessarily require a substantial substitution process in which biofuels,
hydrogen or carbon dioxide friendly generated electricity are gradually substituting for fossil fuels. To this extent,
growth orientated policy schemes as well as future energy policy must be, in large part, concerned with transportation
fuel issues [4].
Recently, in the public debate about the replacement of fossil fuels the indirect land-use change (LUC) has become
a prominent issue. Is it ethically and economically justiﬁable to displace arable land to fuel production when this land
could alternatively be used for food production to combat poverty and starvation in the world? And moreover, does
the ILUC weaken the mitigation of green house gas emissions. We try to capture both aspects in our model in terms
of what we call the fuel versus food trade-off as well as in terms of environmental damage attributed not only to fossil
fuels but as well to bio-fuels.
In the public, this debate is reﬂected, in particular, by serious concerns that the use of food crops for ambitious
bio-fuel targets may contribute to high food prices as has been observed over the second half of 2010 and the ﬁrst
half of 2011 (e.g. International Food Policy Institute 2010 [5], Searchinger et. al. 2008 [6], Govinda and Mevel 2011
[7] and Yeh and Witcover 2010 [8]. As a consequence, the EU proposed a modiﬁcation of its Renewable Energy
Directive (RED) to incorporate ILUC impacts by setting up a 5% cap on the share of food crop-generated bio-fuels,
while a bigger share would not count against the 10% renewable energy target for 2020. Moreover, types of second
generation bio-fuels would be granted by multiple counting.
This paper aims at modeling the issue of sustainable energy use by incorporating both, a non-renewable resource
(petroleum-based fuels) and a renewable resource (biofuel feedstock such as sugar cane, corn (maize) or rapeseed),
which can both serve for producing transport fuels, into a conventional Romer-type endogenous growth model. It
can be shown that the permanent substitution of biofuels for fossil fuels is crucial for achieving sustainable growth,
though this process is and must be well constrained due to the fuel versus food trade-off. Moreover, innovations in
the energy efﬁciency of fuels production in general turn out necessary as an engine for growth.
The paper proceeds as follows. In the next section we provide some background on biofuels with a view to motivate
the modeling of biofuels. In particular, the potential drawback of biofuels on food production is discussed and the way
of modeling the land use trade-off is explained. In section 3 we present the model and in section 4 the social planer
solution to the model. The main results of the paper, the Keynes-Ramsey rule, the Hotelling rules for the renewable
and non-renewable resource, as well as the fuel versus food trade-off are discussed in section 5. The ﬁnal section
offers an agenda for further research on the issue.
2. Some Background on Biofuels and the Fuel versus Food Trade-Off
In recent years, many countries have launched initiatives to support a more widespread use of biofuels. In the
European Union (EU) this process is based on the biofuel Directive 2003/30/EC of the European Parliament [9] and
the energy tax Directive 2003/96/EC of the Council of the European Union [10]. In article 2, the former directive
deﬁnes biofuel as ”liquid or gaseous fuel for transport produced from biomass” and provides a list of products that
should at least be considered biofuels. This list includes, among others, bio-ethanol, biodiesel, biogas, bio-methanol,
bio-hydrogen and pure vegetable oil. Moreover, article 3 of the biofuel directive calls on Member States to ensure that
a minimum proportion of biofuels is placed on their markets and gives as a reference target value 2 percent, calculated
on the basis of energy content, of all transport fuels by December 31, 2005 and 5.75 percent by December 31, 2010.
To achieve these targets, Member States may apply an exemption or a reduced rate of taxation for biofuels according
to article 16 of the energy tax directive.
The substitution of biofuels for petroleum-based fuels by may have various beneﬁts, but may also be associated
with some negative effects. In particular, advantages and disadvantages of biofuels over petroleum-based fuels can be
summarized as follows: (a) less CO2 emissions, (b) less pollution, (c) less environmental risk during transportation
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and use, (d) more competition in fuel markets, (e) negative external effects due to more agrochemicals, (f) land
use shift (for further details on these aspects see e.g. Pickhardt [4], Kuhn [11], Kuhn [12]). Hence, at least the
aforementioned aspects should be incorporated when biofuels are modeled.
To keep things simple, however, we choose an aggregate measure of the environmental aspects as a ﬁrst approxi-
mation. In particular, we assume that the environmental net effect of substituting biofuels for petroleum-based fuels is
always positive. This is achieved by assuming that the use of petroleum-based fuels always creates negative external
effects, whereas the use of biofuels causes less external effects.
Moreover, we explicitly address the fuel versus food production problem in our modeling approach. In 2008Donald
Mitchell, a lead economist at the World Bank, claimed that the increase in global food prices observed between early
2002 and 2008 was driven to a large extent by the increase in biofuels production in the USA and the EU [13].
Although a closer inspection of the data shows that many other factors contributed to the rise in food prices, it cannot
be denied that the high demand for biofuels contributed to an increase in arable land (for example, at the expense of
pasture or the rain forest in Brazil and Indonesia) and to land shifts, where arable land was devoted to fuel grains (e.g.
sweet corn, rapeseed, sunﬂower, etc.) at the expense of feed grains (see Urbanchuk [14], Searchinger [6], Wang [15]).
From an economics perspective, rising food and/or fuels prices are simply a signal that is needed for the efﬁcient
allocation of arable land, because under normal circumstances consumers and producers alike would adjust their
consumption and production patterns, subject to the price signals they receive. However, the issue has an ethical
dimension, if rising food prices effectively exclude the poor from access to basic food, thereby threatening their
survival. The implications of this ethical dimension with respect to basic food allocation and actual policy actions are
discussed in some detail by Pickhardt [16].
Given that the demand for both feed grains and fuel grains will continue to increase in the foreseeable future,
ethical conﬂicts over fuel versus food production can be mitigated or even avoided over time only if: (i) ligno-
cellulosic biomass is used for biofuel production, (ii) plants that grow in water rather than on land, such as algae, are
used as feedstock for biofuels production (e.g. see Tsoupeis [17], Pahl [1]), (iii) wasteland is transformed into arable
land for biofuels production, say for algae farms, where algae grows in pipes ﬁlled with water, and ﬁnally, (iv) if
massive research efforts are made on practically all relevant biofuels areas. Yet, with respect to all four aspects, either
sufﬁcient price signals or appropriate governmental interventions or a combination of both are required in one way or
another.
In this paper, however, we disregard the fact that the quantity of arable land may be extended directly by trans-
forming land used otherwise into arable land or indirectly by using wasteland for algae farms, etc. Instead, we assume
that total land endowment is given and may be used for either the production of ﬁnal goods, including food, or for
the production of biofuels. Put differently, we restrict our model to the case where arable land is shifted between feed
grains and fuel grains.
3. The Model
Following Pittel et. al 2005 and 2010 [18, 19], a conventional Romer-type endogenous growth model [20] is
extended to simultaneously incorporate a non-renewable resource (fossil fuels) and a renewable resource (biofuels).
In addition, the fuel versus food trade-off is reﬂected. Concerning the environment we only consider sustainable
growth paths which do not degrade the state of the environment over time. In this respect, transport fuel produced
from the renewable resource is modeled as causing less environmental damage than fuel produced from non-renewable
fossil resources.
Our model comprises a household sector, various production sectors, a research sector, two kinds of natural re-
sources, and the environment. We consider a representative household to maximize discounted lifetime utility u:
u=
∫
∞
0
u(C,E) · e−ρ ·tdt (1)
where C denotes consumption, E is reﬂecting the state of the environment, and ρ is the rate of time preference. The
usual assumptions for the ﬁrst and second order derivatives of u with respect to C and E hold, that is u C > 0,uCC < 0
and uE < 0,uEE > 0 . Further, for the sake of simplicity u may be assumed to be separable in C and E. In the utility
function (1) negative external effects associated with the use of non-renewable resources as described in the preceding
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section are explicitly incorporated, as long as they damage the environment. We will come back to this point later in
more detail. On the production side of the economy we consider ﬁnal goods production, an intermediates sector, as
well as a knowledge sector. Final production is given by
Y = F (LY,K,TY,X) (2)
where output Y is produced from capital K, labor L, land 1−T , and intermediates X .Total labor endowment L in the
economy is normalized to 1, a share LY is used for ﬁnal output, while the share LH is used in the research sector as
will be shown below. Total land endowment T is again set to 1, where the share TY is used in ﬁnal production, in
particular for agricultural products, which in turn may be considered as a part of total output in its reduced form. The
share TA is used for the production of biofuels and the regeneration of the renewable resource as discussed below.
Thereby it results that
LY = 1−LH (3)
TA= 1−TY (4)
The capital stock K is given by
˙K = Y −C (5)
where for simplicity depreciation of capital is ignored. The intermediates input X might be considered as an index of
an endogenous number of differentiated goods (including transportation) produced from fossil fuels Z and biofuels R
which are taken as substitutes:
X = G(Z,R) ·H (6)
The variable H gives the stock of public knowledge which is the engine for growth in this model. In particular, the
stock of knowledge reﬂects the (growing) efﬁciency in the use of energy in transportation. Its evolution takes place
along past experience which may continuously be enhanced through novel innovations made in the research sector.
The production function for innovations reads
˙H = h(LH) ·H (7)
The amount of labor employed in the knowledge or research sector is, as mentioned above, given by LH, hence h gives
the labor productivity in this sector. Next we introduce the resource stocks:
˙S=−Z (8)
˙A= ηa (TA) ·A−R (9)
Non renewable resources Z are extracted from a given stock S at no costs where ˙S is describing the evolution of the
stock over time. Renewable resources R are extracted from the given stock A, which by assumption regenerates at
the rate ηa (TA), so that ˙A again describes the evolution of the stock. With respect to the regeneration rate it seems
reasonable to assume that the renewable stock is evolving with the respective share of land TA available to and used
for biofuels production, hence ηa TA (TA)> 0,ηa (TA)> 0 for TA> 0.
Let us now discuss how the extraction of resources, both, the non-renewable and the renewable resource, affects
environmental quality. As already motivated by empirical facts, we may assume that fossil fuels always damage the
environment more than biofuels. Hence, in a ﬁrst approximation, we just may need to consider the net effect, which in
some sense is given by the environmental disadvantage of fossil fuels over biofuels. In this case the following measure
of environmental quality E (ﬁrst proposed by Aghion and Howitt [20] might be useful.
˙E =−Z−ω ·R−ηE ·E ,E < 0, ω < 1 (10)
where ω is the rate of pollution generated by the biofuel R. The state of the environment is taken to deteriorate along
with the extraction of fossil fuels more than with the extraction of biofuels.Further,η E > 0 gives the maximal potential
rate of regeneration, where E is deﬁned to be non positive on its domain. As a result, environmental quality cannot
grow without bound, but is bound to zero, which is reﬂecting the virgin state of nature. Therefore, environmental
quality might be considered to measure the difference between the virgin state of nature and the actual state.
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Further, concerning the issue of sustainability, growth will be considered sustainable if the optimal path obeys a
constraint of the following form:
Emin ≤ E < 0 (11)
The value EMin represents a critical threshold below which the state of the environment must not fall at any point in
time. This implies that the ’pollution intensity’ of resource extraction must not go beyond the regeneration capacity
of the environment to rule out any process of permanent environmental degradation.
4. Optimal Growth Path
In this section we derive the social planner solution to the problem of optimal growth followed by a preliminary
discussion of some implications for the optimal extraction of resources. The current value Hamiltonian is:
HAM =u(C,E)+π (Y −C)+ψ (h(LH) ·H)
+θ (ηa (TA,A)−R)−λZ+ μ (−Z− r ·R−ηE ·E)
where π denotes the shadow price of capital, ψ is the shadow price of the stock of knowledge, θ refers to the shadow
price of the biofuels stock, λ is the shadow price of fossil fuels, and μ is the shadow price of the environmental stock.
Keeping (3) and (4) in mind, the ﬁrst order conditions for the control variables C, LH, TY , R and Z and for the state
variables K, H, S, A, and E respectively, are:
C: uC−πt = 0 (12)
LH: πt ·YLH +ψt ·hLH ·H = 0 (13)
TY: πt ·YTY −θt ·ηa TY ·A= 0 (14)
R: πt ·YR−θt − μt ·ω = 0 (15)
Z: πt ·YZ −λt − μt = 0 (16)
K: πt ·YK −ρπt =−π˙t (17)
H: πt ·YH +ψt ·h(LH)−ρψt =−ψ˙t (18)
S: −ρλt =− ˙λt (19)
A: θt ·ηa−ρθt =− ˙θt (20)
E: uE − μt ·ηE −ρμt =−μ˙t (21)
Next, for t → ∞, in the limit, the transversality conditions are:
e−ρ ·t ·πtKt = 0 (22)
e−ρ ·t ·ψtHt = 0 (23)
e−ρ ·t ·λtSt = 0 (24)
e−ρ ·t ·θtAt = 0 (25)
e−ρ ·t ·μtEt = 0 (26)
To give an interpretation to the ﬁrst order conditions let’s concentrate on those terms in (12) to (21) which are not
quite familiar from standard growth theory. Especially, equations (15)and (16) mean that the shadow prices of bio-
fuels and fossils, respectively, have to equal their marginal value product.Both shadow prices of the resources reﬂect
environmental degradation by taking the shadow value of the environment μ into account. Or, in other words, the
shadow prices of the resources exceed the values of the resource stocks by μ respectively the share r of μ because
of environmental degradation. Equation (14) gives the food-energy trade-off and will be discussed below in section 4
together with the Hotelling rules for resource extraction.
473 Thomas Kuhn et al. /  Procedia Economics and Finance  5 ( 2013 )  468 – 477 
Furthermore, some important implications follow from the ﬁrst order conditions for the state variables and the
transversality conditions:
−π˙t/πt = YK −ρ (27)
− ˙λt/λt =−ρ (28)
− ˙θt/θt = ηa−ρ (29)
−μ˙t/μt =−ηE +uE/μt −ρ (30)
The shadow values of capital and the non-renewable resource stock are fairly standard.
The implications for the shadow values of the renewable resource as well as for the environment however deserve
more attention. As far as biofuels are concerned, the shadow value grows at a rate which is given by the discount
rate net of the rate of regeneration. The regeneration rate is the bigger the more land is devoted to the production
of biofuels. Concerning the environment its shadow value moves with the rate of discount and the disutility of
environmental damage (in real terms) less the rate of natural regeneration.
5. Discussion
In this section we provide a discussion of the Keynes-Ramsey-Rule and of the optimal extraction of renewable and
non-renewable resources, respectively. In particular, we would like to put emphasis on the need for the substitution
of biofuels for fossil fuels to assure for sustainable growth as well as on the fuel versus food trade-off. However, it
should be pointed out that the results provided below and above are not to be interpreted as analytical solutions of
the model since some variables like particular shadow prices are not yet determined. Instead, we only can consider
some implications of the ﬁrst order conditions in the social planner case. Therefore, we additionally present some
preliminary numerical simulations of the model in the next section.
The Keynes-Ramsey Rule for the accumulation of capital turns out to be fairly standard:
YK = ρ − u˙C/uC (31)
As usually, the Keynes-Ramsey rule states that the marginal productivity of capital is to be set equal to the rate of
discount, less the growth rate in the marginal utility of consumption (which is negative). In other words, the marginal
value of capital used in ﬁnal production must equal the opportunity cost of capital accumulation (which is the utility
forgone in consumption). Hence, consumption can grow over time only if the marginal productivity of capital is above
the rate of discount.
Some implications for the extraction of natural resources follow from the ﬁrst order conditions
˙YR
YR
= YK − θ ·ηa+ω · (μ ·ηE −uE)θ +ω ·μ (32)
˙YZ
YZ
= YK +
μ ·ηE −uE
λ + μ (33)
Equations (32) and (33) for biofuels and fossil fuels, respectively, generally indicate that the growth rate of the social
return of the resource (in real terms) must meet the physical rate of return on capital in addition to the return on any
use of environmental services reﬂected by the second terms of the RHS of the equations above. In this respect the
social returns of fossil and bio-fuels, respectively, differ substantially.
First of all, let us consider a simple situation in which renewable resources do not cause any damages to the
environment, hence OMEGA=0. In this case the social rate of return of bio-fuels is found below the physical rate of
return while the social rate of return of fossil fuels is found above the physical rate of return. The former result holds
due to the regenerative capacity of the resource stock while the latter results holds due to the environmental damage
generated. Consequently, bio-fuels continuously must substitute for fossil fuels.
This result is true whatever share of land is devoted to the production of bio-fuels. But, the trade-off in the allocation
of land as governed by equation (14) impacts the regeneration rate of the bio-fuels stock. If food is very scarce and
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the marginal rate of return of land in food production is respectively high then the substitution of bio-fuels for fossil
fuels must be slowed down because of the reallocation of land for food.
This seems to support the call for an alternative production of biofuels which does not compete with food produc-
tion either by making use of the second generation of biofuels, for instance produced from lingo-cellulosic biomass,
or biofuels which do not make use of arable land, like those from algae grown at algae farms [17]. To some extent, the
use of electricity, if generated from non-fossil fuels and free of carbon dioxide emissions, may represent an alternative
or complement to the use of biofuels in transportation. Under the assumption that bio-fuels may cause environmental
damages primarily because of the ILUC-impact, however, results are not thus clear cut.
6. Simulation
For the purpose of simulation all functions must be speciﬁed in the discrete way, for details see Appendix A. Using
all speciﬁcations the Hamiltonian function (12) reads as follows:
HAM =
C1−βt −1
1−β −
(−Et)1+σ −1
1+σ
+πt ·
(
(1−LHt)α1 ·Kα2t ·TYα3t ·
((
(Zκt +Rκt )
1
κ
)χ
·H1−χt
)α4)
+ψt · (h ·LHt ·Ht)+θt · (At ·ηa · (1−TYt)−Rt)−λt · (−Zt)+ μt · (−ηE ·Et −Zt −ω ·Rt) (34)
The following paragraphs show the ﬁrst results of the numerical simulation. On the balanced growth path the land
use for biofuels production and constant labor allocation are constant. These results are used with the simulations.
Furthermore in the ﬁrst attempt the amount of non-renewable resource used is determined by an optimal depletion
rate with a ﬁnite time horizon. After 88 periods the non-renewable resource is completely exhausted. Therefore not
the optimal growth path is reveled but the directions of development can be shown.
Fig. 1: Development of the growth
rate of consumption
Fig. 2: Development of the state of
the environment
Fig. 3: Development of the stock of
the nonrenewable resource
Fig. 4: Development of the used
amount of the nonrenewable re-
source
Fig. 5: Development of the growth
rate of the renewable resource
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As can be seen the growth rate of consumption declines over time, but through-out consumption is positive, al-
though there is no exhaustible resource left. The state of the environment regenerates over time, because the damage
is manly caused by the use of the non-renewable resource. In each period less of the non-renewable resource is used in
production, while the growth rate of the renewable resource, as deduced from the Hotelling rule, stays pretty constant
over time and therfore more renewable resource is used in each period. All in all biofuels continuously substitute for
fossil fuels as expected.
7. Conclusions
In this paper it has been emphasized that in most countries the markets for transportation fuels are dominated by
non-renewable fossil fuel products such as gasoline or petroleum diesel. Yet, limited stocks of non-renewable fossil
fuels as well as limited production and distribution capacities, coupled with increasing demand, are bound to lead to
sharp increases in fossil fuel prices in the near future. This development may be reinforced due to the fact that fossil
fuels, in comparison to biofuels, contribute a substantially larger share to pollution and global warming. Consequently,
alternative fuels such as renewable biofuels (i.e. biodiesel, bioethanol) or hydrogen may become economically more
attractive, and moreover may serve as a means to maintain sustainable growth.
The aim of the paper, therefore, has been to address the role of biofuels for sustainable growth. Therefore, a conven-
tional Romer-type endogenous growth model has been extended by incorporating a non-renewable and a renewable
resource which both can serve for producing transport fuels. Further, the fuel versus food trade-off has been covered.
And ﬁnally, transport fuel produced from the renewable resource has been modeled as causing less environmental
damage than fuel produced from non-renewable fossil resources.
Innovations which enhance the energy efﬁciency of transport are necessary to move along the optimal growth path
of the economy. Moreover, it can be shown that the growing stock of knowledge must be accompanied by an ongoing
substitution process in production and transport where biofuels replace fossil fuels. This is the only means in our
model to assure for sustainable growth in the sense of a non-degrading environmental quality. This result is even true
if one accounts for the constraint put on the production of biofuels by the competing use of land for food which in
turn limits the growth rate not only of renewable energy but as well as the growth rate of total output, consumption,
and welfare. This might be considered as the main contribution of the paper.
Nevertheless, there is of course scope for future research, in particular with respect to the decentralization and
microfoundation of the model as well as with respect to the analysis of the transitional dynamics and the issues of
second generation renewable energy and electricity based mobility.
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Appendix A. Model Speciﬁcation
In this section we now provide speciﬁcations of the equations we used in the model. All variables, which develop
over time, are indexed with the corresponding time variable t or t+1. We start with itemizing the instantaneous utility
function (1)
u(Ct ,Et) =
C1−βt −1
1−β −
(−Et)1+σ −1
1+σ
(Appendix A.1)
where σ = −1, β = 1 and σ > 0, β > 0. This speciﬁcation meets the conditions mentioned above (1). The marginal
utility is positive for all values, meaning that there is no saturation of utility.
For specifying the production function (2) we assume production is of the Cobb-Douglas-type
Yt = LYα1t ·Kα2t ·TYα3t ·Xα4t (Appendix A.2)
where αi is subject to the following conditions α1 +α2 +α3 +α4 = 1 and αi > 0. All inputs are essential for
production. At the same time we have to specify the production function of the intermediates (6). They are produced
from the energy mix G and public knowledge H using a Cobb-Dougals-typed production function again.
Xt = Gχt ·H1−χt (Appendix A.3)
where 0< χ < 1 is the production coefﬁcient of intermediates. Both resources used to produce the energy mix G are
perfect substitutes but they are not both essential for the production.
Gt = (Zκt +Rκt )
1
κ (Appendix A.4)
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where 0< κ < 1 is the reciprocal of the elasticity of substitution.
The stock of fossil resources is depleted over time, where Zt is representing the extraction at time t, see (8)
St+1 = St −Zt (Appendix A.5)
Zt+1 = Zt · (1+gZt) (Appendix A.6)
where the development of the depletion rate gZt is deduced from the Hotelling Rule, see (33). The stock of the
renewable resource regenerates over time, depending on the natural regeneration rate η a, the amount of land provided
for resource production TAt and the current stock of the resource At , see (9):
At+1 = At · (1+ηa ·TAt)−Rt (Appendix A.7)
Rt+1 = Rt · (1+gRt) (Appendix A.8)
Again the development of the depletion rate gRt for the renewable resource is deduced from the Hotelling Rule, see
(32).
The stock of public knowledge develops over time by
Ht+1 = Ht · (1+h ·LHt) (Appendix A.9)
it increases in the labor productivity h and the amount of labor devoted to innovations. The state of the environment is
inﬂuenced by the regeneration rate ηE and the extraction of resources, with R harming the environment by the factor
0< r < 1 less than Z, keeping (11) in mind
Et+1 = Et · (1−ηE)−Zt −ω ·Rt (Appendix A.10)
Now we can concentrate on the development of consumption:
Ct+1 =Ct · (1+gCt) (Appendix A.11)
where gCt can be computed from equation (31) using the Keynes-Ramsey Rule.
Appendix B. Model Parameterization
After specifying all functions used in the model we now have to ﬁnd values of each parameter used. We are going
to use parameters to represent Germany in an abstract and simpliﬁed manner. All values represent the year 2000 and
are indexed with 0. Most of the data result from the database of Eurostat.
• Invested capital at replacement price K0 = 10.158 [bn. EUR]
• Stock of public knowledge H0 = 12.3
• State of the environment E0 = 12000
• The expected stock of renewable resource is A0 = 15000
• The expected stock of fossil oil worldwide is 1.362.608 [bn. Barrel]; Germany uses a proximate portion of 2.6% of
the world fossil oil production, therfore S0 = 35.427 [bn. Barrel]
• Rate of time preference ρ = 0.04
• Utility parameter σ = 0.7, β = 0.7
• Parameter of production function α1 = 0.3, α2 = 0.3, α3 = 0.1, α4 = 0.3
• Parameter of the production of the intermediates κ = 0.18, χ = 0.6
• Parameter of labor productivity h= 0.9
• Regeneration rate of the environment ηE = 0.05
• Parameter of the regeneration rate of the renewable resource η a = 0.2
• Damage rate of the renewable resource ω = 0.2
